Abstract. The matter creation cosmology is revisited, including the evolution of baryons and dark matter particles. The creation process affects only dark matter and not baryons. The dynamics of the ΛCDM model can be reproduced only if two conditions are satisfied: 1) the entropy density production rate and the particle density variation rate are equal and 2) the (negative) pressure associated to the creation process is constant. However, the matter creation model predicts a present dark matter-to-baryon ratio much larger than that observed in massive X-ray clusters of galaxies, representing a potential difficulty for the model. In the linear regime, a fully relativistic treatment indicates that baryons are not affected by the creation process but this is not the case for dark matter. Both components evolve together at early phases but lately the dark matter density contrast decreases since the background tends to a constant value. This behaviour produces a negative growth factor, in disagreement with observations, being a further problem for this cosmology.
authors, we will show that the background dynamics of the CCDM cosmology is formally identical to the ΛCDM model and, consequently, satisfies the same tests mentioned above. However, in the CCDM model the density ratio between dark matter particles and baryons varies and presently, as we shall see, the theory predicts a value of about 19.5, which is considerably higher than that derived from the analysis of massive X-ray clusters. We will show that in the linear regime the growth of baryons is not affected by the particle creation process but that of dark matter is, as it was pointed out by [11] . These aspects represent potential problems to be surpassed by the CCDM cosmology. This paper is organised as follows: in Section 2 the main properties of the CCDM model are reviewed, in Section 3 the relativistic linear equations are derived and finally, in Section 4 the main conclusions are given.
The CCDM model
In the CCDM cosmology, non-relativistic dark matter particles are assumed to be produced continuously and are supposed to act like a fluid. According to [12] , consider that the universe is an open thermodynamic system in which particles are created at the expense of the gravitational field. Then, let µ be the chemical potential associated to the variation of the number of particles. In this case, the Euler relations can be written as
and
In the equations above, n is the dark matter particle density, s and ρ are respectively the entropy and the energy densities, h = P + ρ is the enthalpy density and T is the temperature. From these equations one obtains trivially
which is the Gibbs relation for the dark matter fluid. As already mentioned, a common assumption in most CCDM models is that the right side of eq. (2.3) be zero. This is equivalent to say that the entropy production and the particle variation rates are equal. In other words, the entropy per particle s/n remains constant during the expansion process. It should be emphasized that although this last condition be also verified in the ΛCDM model, there is an important difference with respect to the CCDM cosmology: in the former the expansion is adiabatic while in the later entropy is produced as a consequence of the particle creation process. In this case, under the assumption of a constant s/n ratio eq. (2.3) becomes simply
Following [11] , let us introduce the stress-energy tensor for the dark matter fluid as
where Π = P (ρ)+P c is the effective pressure acting on the fluid, with the first term representing the pressure due to kinetic motions and interactions between particles while the second represents the effective pressure associated to the process of particle creation. Assuming a flat Friedmann-Robertson-Walker (FRW) metric, i.e., 6) and using the conservation equation
where, as usual, H =ȧ/a is the Hubble parameter. Combining now eqs. (2.4) and (2.7), an explicit expression for the pressure associated to the particle creation process can be obtained, i.e.,
Note that ifṅ > 0 and the background is expanding (H > 0), the pressure P c is negative. Moreover, if the created particles are "cold" (non-relativistic) or, in other words, their kinetic energy and pressure can be neglected, their enthalpy is simply h = ρ = mnc 2 , where m is the mass of the dark matter particles. In this case, eq. (2.8) can be rewritten as
Multiplying both sides of this equation by a 3 , one obtains easily
The equation above permits a simple interpretation of the creation pressure P c . The work done by this stress to expand a unit comoving volume of the universe is equal to the rate of energy in the form of new particles appearing in the same comoving volume. A past study by [18] on matter creation in the context of general relativity led to the same interpretation.
The Boltzmann-Einstein approach
In the previous Section, the basic equation defining P c was derived using a thermodynamic approach and assuming an open system. Here, for the sake of completeness, the Boltzmann equation in a curved space is used to re-derive the equations of the model. With the metric given by eq. (2.6), the Boltzmann equation for the dark matter fluid is [19] ∂f ∂t − Hp ∂f ∂p
In the equation above, using the same notation as in [19] , p is the modulus of the 3-momentum and f is the one-particle distribution function satisfying the condition
The right side of eq. (2.11) is not a truly collisional term but a source term intending to represent phenomenologically the creation process. A simple expression for this term can be derived in the following way. First, we integrate over momenta eq. (2.11) to obtaiṅ
Comparing the equation above with eq. (2.7) and recalling that h = ρ = nmc 2 , one obtains
In a further step, assume the following ansatz for the distribution function, f (p, a) = f 0 (pa)g(a), where f 0 (pa) is a solution of eq. (2.11) without the source or "collisional" term (see [19] ). Replacing this into eq. (2.11), one obtains
Substitute the equation above into eq. (2.14) to get, after some straightforward calculations,
The solution of eq. (2.7) gives the evolution of the dark matter energy density and is given by eq. (2.31) for the case in which the creation pressure is constant, an assumption also made here. Replacing the expression for ρ(a) into eq. (2.16) gives 17) where the parameter β was defined by Using these results, the distribution function that satisfies eq. (2.11) with the collisional term above is f = Kf 0 (β + a 3 ). Combining this with eq. (2.19) permits to recast the collisional term as
Note that when P c goes to zero from the negative side, β goes to infinity and the collisional term goes to zero as wished, since no particles are being created. Using the same reasoning, the integration constant may be put equal to K = 1/β since in the limit of zero creation pressure, the distribution function must be essentially f 0 , the solution of the Vlasov-Einstein equation.
In a further step, replace the derived expression for the source term into eq. (2.11). Then multiply both sides of the equation by the particle energy E and integrate over the 3-momentum to obtainρ
where the energy density and the pressure were defined as usually, i.e.,
Moving the right side of eq. (2.21) to the left side, it is easy to verify that this is equivalent to add to the kinetic pressure a term equal to
(2.24)
Since a constant creation pressure was assumed, the equation above is, as expected, the same as that resulting from the integration of eq. (2.7), indicating consistency between both approaches. It is interesting to mention that the creation process affects the kinetic pressure of dark matter particles. This can be seen integrating eq. (2.23) with a new variable x = pa. In this case, one obtains
Since the created particles are non-relativistic, they satisfy the condition m 2 a 2 ≫ x 2 . In this case, the above integral can be simplified and one obtains for the pressure
When particles are not being created (β → ∞), the kinetic pressure decays as P ∝ a −5 , a well known result. However, when β is finite, at high redshifts the pressure decays as expected but at redshift of the order of 1 + z ∼ 1/β, the logarithmic slope (d log P/d log a) is higher than -5, indicating effects of the creation process.
Dynamics of the CCDM model
In the present study the contribution of both baryons and dark matter to the dynamics of the universe is taken into account. However, the continuous particle creation process affects only the dark matter component, since baryons are supposed to be conserved. As it was shown in [11] , the CCDM model can mimic the ΛCDM cosmology only if a constant creation pressure is assumed, which here will be denoted as P c = −λ, where λ is a positive constant with the dimension of an energy density. Assuming further that the thermodynamic pressure of baryons and dark matter could be neglected, the stress-energy tensor for dark matter and baryons can be recast as
28)
The subscripts "dm" and "b" refer respectively to dark matter and baryons. The conservation equations T k 0;k (dm) = 0 and T k 0;k (b) = 0 give respectively
These equations are easily integrated in terms of the scale factor a and one obtains
The constants ρ dm0 and ρ b0 denote the present (a = 1) values of the dark matter and the baryon energy densities. Using eqs. (2.31) and (2.32), the Hubble equation can be written as
The first point to be noticed in this equation is that the present value of the Hubble parameter is fixed only by the present total matter content ρ t0 = ρ dm0 + ρ b0 of the universe as in the Einstein-de Sitter model, namely
The second point is that eq. (2.33) can be written in a form equivalent to the ΛCDM model, i.e.,
, if the following identifications are made
Since the Hubble equation in the CCDM model is formally identical to that of the ΛCDM cosmology, one should expect that data on supernova distances, BAO angular distances, variation of the Hubble parameter with z will be equally explained by both cosmological models. This identification led to different authors to conclude that CCDM and ΛCDM models are indistinguishable at the background level. However there are some subtleties in this analysis. From the equations above, the ratio between dark matter and baryons energy densities is
The cosmological data from Planck [20] gives for the total matter density parameter Ω m0 = 0.315 whereas that of the baryons is Ω b0 = 0.04872. Using these values, eq. (2.37) at the baryon-radiation decoupling or at still higher z gives a ratio ρ dm /ρ b = 5.46. This is essentially the Planck value for the ΛCDM model, implying that the CCDM cosmology predicts the same amplitude for the peaks of the angular power spectrum of the CMB and again both models agree. However, since dark matter particles are being produced continuously, the present value of the ratio between dark matter and baryon energy densities predicted by the CCDM model is ρ dm /ρ b = 19.5. Observations of clusters of galaxies in the mass range 6 × 10 13 − 1 × 10 15 M ⊙ reported by [21] indicate a nearly constant value for this ratio and equal to ρ dm /ρ b = 6.52. The ρ dm /ρ b ratio derived from massive clusters is about 20% higher than the "cosmic" value derived from CMB data and the authors of this study suggest that a small baryon deficiency could be present, consequence of different processes operating in the formation of these large structures as, for instance, the feedback of AGNs. Turning the argument, this value also imposes some constraints on the possible amount of dark matter created after decoupling, which is considerably smaller than the growth by a factor of about 3.6 predicted by the CCDM model. This discrepancy represents a potential problem for the CCDM model already at the background level and may represent a test able to distinguish both cosmologies. However, the authors of reference [14] have a different interpretation for the evolution of the baryon-to-dark matter ratio. They assume that the dark matter energy density is the sum of two distinct terms: the first, denoted by ρ cre corresponds to particles that are being created continuously, forming a uniform background. According to them, these particles do not participate in the formation process of structures; the second term, denoted by ρ con , corresponds to particles formed in a short timescale at very high redshifts, which are "conserved" and are able to cluster. In eq. (2.31), they made the identifications ρ cre = λ and ρ con = (ρ dm0 − λ)/a 3 . Clearly, if only "conserved" particles participate in the formation of structures, the aforementioned problem with the baryon-to-dark matter ratio disappear. Such an interpretation can be criticised by the following reasons. The first concerns the identification of ρ cre with λ. Since the density of this component is constant, this implies that newly created particles are permanently in a steady state or, in other words, the rate at which particles are being created compensates exactly the losses due to the expansion of the universe, requiring fine tuning that represents a very special situation. The second aspect concerns the clustering of the "conserved" term only. This is based on the fact that the perturbation of the dark matter energy density is
since δρ cre = 0, because ρ cre is a constant. In this case, only the term δρ con contributes to the Poisson equation or to the gravitational potential, leading to the idea that particles created continuously do not give any contribution to the potential and thus, they do not cluster. In other words, the newly created particles would not feel the gravitational forces, representing a unlikely situation since all dark matter particles are expected to be indistinguishable. In the general case, using the same components as defined in [14] , insert the total dark matter energy density ρ dm = ρ cre + ρ con into eq. (2.29) that can be split in two equations: one including the source term, which is obeyed by the component ρ cre and another, without the source term, which is satisfied by the component ρ con . Under these conditions, the general solution for the created component is
The integration constant K 1 can be estimated by requiring that when λ → 0 the created component must disappear. Then, K 1 = λ. On the other side, the general solution for the conserved component is
The integration constant K 2 can be derived by imposing that at a = 1 (present time) the dark matter energy density be equal to ρ dm0 . Consequently, one obtains K 2 = (ρ dm0 − 2λ) and hence the total dark matter energy density is recovered by adding both components, i.e.,
By such a procedure eq. (2.31) is recovered and it becomes clear that the "conserved" term includes both components in contradiction with the hypothesis raised by [14] .
Linear perturbations
In the present investigation, the evolution of density perturbations either of the baryonic or of the dark matter fluids will be considered using a fully relativistic approach. We follow here the treatment and the notation as in [22] , adopting a synchronous gauge. In this case the perturbed metric can be written as (the convention c = 1 is adopted, excepting cases when recovering all constants is necessary)
Combining eqs. 20a and 20c given in reference [22] but including both dark matter and baryons and taking the derivatives with respect to the cosmic time and not with respect to the conformal time one obtains
where h is the trace of the metric perturbation tensor h ik and, as usually, the density contrast for baryons δ b = δρ b /ρ b and for dark matter δ dm = δρ dm /ρ dm was introduced.
Perturbations of the conservation equations are given by eqs. 28 and 29 of reference [22] . Here they are explicitly given for the two fluid components under the following assumptions: zero sound velocity for both fluids and the parameter w = P/ρ being zero for baryons and equal to w = −λ/ρ dm for dark matter. These approximations imply that the perturbations are adiabatic. However, since there is entropy production in the matter creation process, non-adiabatic perturbations are also possible and they will be analyzed in a future work. Taking again the derivatives with respect to the cosmic time one obtainṡ
where θ = δu i ;i is the divergence of the peculiar velocity, obeying the equations below, derived also from eqs. 28 and 29 given in reference [22] and under the assumptions mentioned above,
Performing the time derivative of the relation w = −λ/ρ dm and using eq. (2.29) one obtainṡ
Replacing this result into eq. (3.6), one obtains simplẏ
The integration of eqs. (3.5) and (3.8) is trivial and one obtains θ b ∝ 1/a and θ dm ∝ 1/a. These are decaying solutions that justify to neglect the θ terms in eqs. (3.3) and (3.4) . Under this condition, eq. (3.3) simplifies toδ
Replacing this equation and its time derivative into eq. (3.2) results
Neglecting the θ term also in eq. (3.4) and using eq. (3.9) resultṡ
A further step in the solution of this equation is to introduce the reduced dark matter density contrast by the relationδ
Taking the time derivative of this equation and using eq. (3.7) one obtains
Substituting eq. (3.13) into eq. (3.11) gives simply
Taking the integration constant equal to zero and making use of the definition of the reduced density contrast, one obtains finally
Replacing the equation above into eq. (3.10) one gets for the evolution of the baryon density contrastδ
Making use of eqs. (2.34), (2.37) and after some algebra, the equation above can be recast as
This equation for the evolution of the baryon density contrast is formally the same as that for the ΛCDM model, indicating that baryons are not directly affected by the matter creation process. However, in the CCDM model, the evolution of the dark matter density contrast and that of the baryons are not the same as it occurs in the ΛCDM cosmology. They are related by eq. (3.14) and since the parameter w is not a constant, the evolution of both components is not proportional to each other. Figure 1 shows the evolution of the density contrast for both fluids, using the cosmological parameters given in reference [20] . The linear growth of baryons coincides with that of the ΛCDM model but the dark matter fluid displays a different behaviour. After reaching a maximum around z ∼ 1, the amplitude of the density contrast decreases, in agreement with the conclusions by [11] , who have performed a Newtonian analysis and with those of [14] , who have performed an one-fluid investigation based either on the Neo-Newtonian approximation or on a relativistic approach. How to explain the behaviour of the dark matter density contrast? The evolution of the background dark matter density is given by eq. (2.31). This equation indicates that at high z (or a ≪ 1) the dark matter background evolves as the baryon background, i.e., inversely proportional to the cube of the scale parameter a. Using the spherical model as a guide, in the early phases of the linear regime the background "expands" faster than the density perturbation, leading to an increase of density contrast for both fluids as it can be seen in fig. 1 . However, as a consequence of the particle creation process, in late phases the dark matter background varies slower than the baryon background (not affected in the creation process), tending to a constant value fixed by the parameter λ. Such a modification in the background expansion rate produces a decrease in the amplitude of the dark matter density contrast. A further argument in favour of this explanation is provided by eq. (3.14). Using eqs. (2.35) and (2.36), the eq. (3.14) can be recast as
This equation shows clearly that when a ≪ 1, the contrast of both components is the same but as soon as the particle creation term becomes relevant, the dark matter density contrast decreases with respect to that of the baryon component, since now the background of both fluids evolves differently as explained previously. In figure 2 is shown the evolution of the total matter density contrast defined by
Since the dark matter component is dominant, the behaviour of the total matter density contrast is similar to that of dark matter. In figure 3 , the growth factor f (z) = d log δ m /d log a is shown for both the standard model and the CCDM model. Note that the decreasing amplitude branch of the density contrast in the CCDM model implies in negative values for growth factor, in disagreement with observational data given by [23] , but that are consistent with predictions of the ΛCDM model. Different conclusions were reached by [14] since they have defined a density contrast only for the component able to cluster. In this case, the evolution of the density contrast has a weak dependence on the parameter λ and the growth factor is not inconsistent with data.
Conclusions
The main physical properties of the creation cold dark matter (CCDM) cosmology were revisited. When the thermodynamical approach by [12] is considered, the CCDM model is able to mimic the standard model if two main assumptions are made: the first is to consider that the entropy density production rate is equal to the particle variation rate and the second, is to hypothesise that the pressure associated to the creation process is constant. Generally, even if the creation pressure is not assumed to be constant, the first hypothesis and the conservation equation T k 0;k (dm) = 0 lead to a simple interpretation of such a pressure: it corresponds to the work required to expand a unit comoving volume, which is equal to the energy of the ("cold") particles created in the same volume.
The solution of the Boltzmann-Einstein equation, including a pseudo-collisional term intending to represent the matter creation process, is consistent with the thermodynamical approach. The cosmic evolution of the kinetic or thermodynamic pressure of the newly created particles is affected by the creation process itself. At high redshifts, the kinetic pressure varies as P ∝ a −5 , as expected for the standard model but at late phases the pressure decreases with a slower rate, consequence of the creation process.
The resulting Hubble equation for the CCDM cosmology is formally identical to that of a flat ΛCDM model. Thus, both models are indistinguishable with respect to tests like the supernova distances, the angular distances of the baryon acoustic oscillations and the variation of the Hubble parameter with redshift. However, fixing the parameters of the Hubble equation in order to identify both models, an important difference between both cosmologies become evident. Since dark matter particles are being created continuously, the ratio between dark matter and baryon energy densities varies. At high redshift it agrees with Planck's data and no conflict with predicted and observed amplitudes of the angular power spectrum of the CMB exists. However, the dark matter-to-baryon ratio increases with decreasing redshift and presently is expected to be about 19.5. Such a high value disagrees with data on massive clusters of galaxies, which indicates values about 3 times smaller. This is certainly a difficulty for the CCDM model.
Previous analysis of the density contrast evolution in the linear regime using a Newtonian approximation has shown that there is a maximum amplitude that depends on the creation rate [11] . The present investigation adopts a fully relativistic approach and takes into account both baryons and dark matter particles. The present study indicates that baryons are not affected by the creation process and that the growth of perturbations in the linear regime coincides with that in the ΛCDM model. However, this is not the case for dark matter particles. After reaching a maximum amplitude around z ∼1, the density contrast decreases as a consequence of the matter creation process that modifies the evolution of background, as explained in the previous section. The decreasing branch of the matter density contrast produces a negative growth rate of cosmic structures in contradiction with observational data. The difficulties pointed here raise doubts about the CCDM theory as a viable alternative to the standard model.
